This paper deals with design and analysis of intermittent supersonic wind tunnels. System can be constructed by allowing air at atmospheric pressure to pass through a converging-diverging nozzle, a test section and a diffuser into a vacuum tank. The governing equations of compressible fluid flow have been solved numerically using flux vector splitting method to obtain running time under which it works at the design Mach number. The formulation has been tested on the theory of quasi one-dimensional compressible flow. The numerical results are in good agreement with the results of the theory.
INTRODUCTION
The analysis of fluid flow in wind tunnels is an important area in design and simulating flight at high altitudes, in aerospace researches. Many researchers implement wind tunnels to study and experiment the real models. There are many different types of wind tunnels designed for various applications. Low speed wind tunnels are used for operations at low Mach numbers (M< 0.3) with speed on the test section up to 400 Km/h. They are both of open-return type or a continuous closedcycle tunnel [1, 2] . Transonic wind tunnels are able to achieve speeds close to the speed of sound. Testing at transonic speeds presents additional problems, mainly due to the reflection of the shock wave from the walls of the test section. At supersonic wind tunnels, the final speed is determined by the ratio between the areas in the outlet section and the throat of the nozzle after the test section. For a supersonic speed of M=5, this ratio is of the order of 30. In this case, the creation of a uniform supersonic flow in a test section of appreciable size and maintenance of this flow for a sufficient time to work meaningful measurements on the test object may involve a large consumption of power. For this reason, most tunnels operate intermittently using a propulsion system made of high-pressure tanks or vacuum storage tanks that increases the dynamic pressure to overcome the viscous losses. In order to provide a longer runningtime at the design Mach number, a diffuser can be placed at the test section exit. The flow in the diffuser is extremely complex and involves shockwave/boundary layer interactions. Depend on boundary conditions; the flow field in the nozzle may be containing a normal shock wave. Then the test section of the wind tunnel accelerates the flow to achieve Mach number equal to one at the tube exit if its length is long enough. In this case, the exit pressure has a relevant influence on flow field characteristics.
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Mittal and Yadav [3] studied computation of flows in supersonic wind tunnels with a finite element computation and investigated the effect of various component geometries and showed that the method may be used to find close to optimal values of the geometric parameters of the supersonic diffuser. Savino et. al. [4] studied the behavior of hypersonic wind tunnels diffusers at low Reynolds numbers. They compared the results obtained by numerical simulations of diffusers with the experimental data obtained using a high-enthalpy blow down arc jet facility and concluded that diffusers efficiency is smaller compared to the larger Reynolds number diffusers. Diana et. al. [5] designed a nonconventional wind tunnel for low speed applications in both aeronautical and wind engineering fields. Peculiarity of their facility is the contemporary presence of two test sections having very different performances; the first one characterized by higher speed and low turbulence and the second allowing ground boundary layer simulations at lower speed and wider test section size. Velichko et al. [6] calculated the flow past an airfoil in a wind tunnel and compared the results with experiment and with those obtained using the asymptotic formulae of the subsonic theory of small perturbations. More studies on wind tunnels can be found in [7] [8] [9] . A numerical solution based on the flux vector splitting method has been developed to study the performance of a simple fixed supersonic wind tunnel. One criterion that can be used to describe the performance of an intermittent wind tunnel is a maximum time for creation and maintenance a uniform supersonic flow in the test section to make meaningful measurements on a test object and stagnation pressure recovery ratio at a design Mach number. The influence of the diffuser area ratio on the maximum time and Mach number distributions along the wind tunnel is investigated and some results are presented. 
NOMENCLATURE

PHYSICAL MODEL
A simple, intermittent supersonic wind tunnel simulated in the present work is depicted in Fig.1 . In this figure, x-axis measures the position of different parts of the device. An isentropic flow is considered both in the nozzle and diffuser blocks, but in the test section the flow is assumed to be adiabatic with friction and no external work. The supersonic diffuser is responsible for pressure recovery after the test section and both improve the operation and reduce the power requirements of the wind tunnel. In addition, it produces an oblique shock train to minimize losses related with shocks. With this setup, the wind tunnel can ideally now be run until the back pressure in the vacuum tank rises to the stagnation pressure after a shock at the diffuser inlet. During start-up of the system, a normal shock appears at the nozzle exit. In order to pass the flow after the shock, the diffuser throat must be larger than the nozzle throat area. If this is not the case, the diffuser throat cannot pass the required flow, and the shock can never reach the test section and will remain in the diverging part of the nozzle. Under these conditions, supersonic flow can never be established in the test section. If the diffuser throat area is larger than that of the nozzle throat, the shock jumps to an area in the diverging part of the diffuser greater than the test section area: the shock is "swallowed" by the diffuser. This limiting condition is shown in Figure 1 . Once the shock has been swallowed, an increase in the vacuum thank pressure causes the shock to move back towards the diffuser inlet. A badly designed diffuser may either result in un-starting the tunnel or extremely poor efficiency.
MATHEMATICAL MODEL
The shape of the convergent-divergent conical nozzle can be produced by rotating the following curve around the x-axis.
where a and b are determined for a nozzle with length 1.7m, inlet diameter of 0.3m and throat diameter of 0.125m. The length and diameter of the diffuser is the same as that of the nozzle, but its throat diameter is 0.148m. The conservation equations for a wind tunnel in a quasi one dimensional flux vector form can be written as follows [10] :
is the cross section area of the nozzle, Q is the vector of unknown variables, E is flux vector, H is source term and they are defined for continuity, momentum and energy equations as follows.
[ ]
ρ , v , p and e are the density, velocity, pressure and total internal energy of air flow. Dealing with flow through the test section, it is assumed that the flow is adiabatic with friction and no external work, termed Fanno Line Flow. The average fanning friction factor is smooth pipes required for a supersonic flow can be obtained by Blasius formula [11] . 
Taking into account that the air flow in the wind tunnel is an adiabatic process, then (7), by assuming that the state of flow in the tank is uniform at any instant of time, will be: 
NUMERICAL SIMULATIONS
The flow field in the wind tunnel has been numerically simulated by a computer code, which solve the Euler equations for compressible inviscid flows. In this way, a flux vector splitting method, called Steger and Warming [12] is used. It is assumed that the curvature effects of the test section are neglected through the solution process. The time derivative of vector Q is approximated by a first order forward difference approximation to provide:
Using the Taylor series expansion to linearize vector E = E (A,Q ) in terms of Q ∆ , the result will be.
Introducing Eqs. (12) + +E -, a first order backward and forward difference approximations for the positive and negative terms are respectively [10] .
+/-signs denote the positive/negative eigenvalues of matrices B and E. At the inlet of the wind tunnel, we must allow one variable to float, because the inflow is subsonic. Thus the value of velocity changes with time and is calculated from information provided by the flow variables are specified. When the outflow is subsonic too, one of the flow characteristics should be specified (e.g. pressure) and the other ones are allowed to float and extrapolated as follows. Initially, the nozzle block is discretised uniformly into 150 computational cells. Once a converged solution is obtained, a guess solution is used to determine the regions with large gradient of variables, where more computational cells are needed. The procedure is repeated until a gridindependent solution is obtained. A mathematical technique is used to cluster the grid in high-gradient regions to accelerate the convergence of solution. The convergence of each time step is achieved through a relation that compares the entrance mass with the allowable mass in the tank based on the ideal gas law. To start solution with a given value for 
RESULTS AND DISCUSSION
The wind tunnel is started by opening the valve of the vacuum tank and by exerting a pressure difference of one atmosphere between two ends of the tunnel as shown in Fig.1 . The initial absolute pressure of the vacuum tank is zero and its volume is assumed to be 15 m 3 . The inlet flow is assumed to be subsonic with pressure and temperature of one atmosphere and 298 K respectively. Figs. 2 and 3 show the static pressure and Mach number distributions along the wind tunnel at different times respectively. As the back pressure (tank pressure) increases, due to the air flow into the tank, the exit shock wave moves toward the test section block and the pressure recovery increases. Depending on the test object position, the running time will be terminated when the shock wave arrives at the position of the test object. In Fig.3 when time is less than 0.16 second, the fluid flow in the working section is supersonic and during this time, the Mach number is about 1.52. In other words, the running time of the wind tunnel is about 0.16 second and supersonic flow is maintained in the test section. In this case, the vacuum tank absolute pressure rises to about 0.55atm (see Fig.5 ). Fig.4 depicts local Mach number against time at three different positions in the test section. At each desired position there is a limited time below which the Mach number is constant and the fluid flow is supersonic. As the time passed, the tank pressure increases and the normal shock wave moves toward the inlet of the test section. Fig.5 illustrates the pressure of the tank versus time. The figure indicates that the slope of pressure curve is steeper at early stage than that of the late stage. This increase is due to a large difference in pressure at the start up of the test. Fig.6 exhibits the variation of incoming mass into the tank at any time. As can be seen in the figure, the mass in the tank will approach to a constant value at the late stage with respect to a limitation of the tank volume. This means that after a specific time, the pressure difference between the inlet and outlet of the wind tunnel goes to zero and the wind tunnel performance will be stopped.
CONCLUSIONS
The numerical analysis of a simple intermittent wind tunnel is considered. A flux vector-splitting scheme has been developed to study the behavior of the fluid flow through a wind tunnel. It can be found that the variation of the backpressure or vacuum tank pressure will cause different behavior in the flow regime. Naturally, the greater the pressure recovery in the tank, the smaller is the compressor power requirement. If the diffuser throat area is larger than that of the nozzle, the normal shock reaches the working section and it will also jump through the diffuser and settles down somewhere in the diverging portion of the diffuser In order to minimize the loss of stagnation pressure, the shock wave should reach the throat of the exit nozzle or supersonic diffuser. The results obtained useful time and the best position for test process in a supersonic wind tunnel. An optimization technique on the wind tunnel dimensions to obtain the maximum pressure recovery will be developed in the future works. 
